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he nuclear pore complex (NPC) and its relationship
to the nuclear envelope (NE) was characterized in
living cells using POM121–green ﬂuorescent protein
(GFP) and GFP-Nup153, and GFP–lamin B1. No indepen-
dent movement of single pore complexes was found within
the plane of the NE in interphase. Only large arrays of
 
NPCs moved slowly and synchronously during global
changes in nuclear shape, strongly suggesting mechanical
connections which form an NPC network. The nuclear lam-
ina exhibited identical movements. NPC turnover measured
by ﬂuorescence recovery after photobleaching of POM121
was less than once per cell cycle. Nup153 association with
NPCs was dynamic and turnover of this nucleoporin was
T
 
three orders of magnitude faster. Overexpression of both
nucleoporins induced the formation of annulate lamellae
(AL) in the endoplasmic reticulum (ER). Turnover of AL
pore complexes was much higher than in the NE (once ev-
ery 2.5 min). During mitosis, POM121 and Nup153 were
completely dispersed and mobile in the ER (POM121) or
cytosol (Nup153) in metaphase, and rapidly redistributed
to an immobilized pool around chromatin in late ana-
phase. Assembly and immobilization of both nucleoporins
occurred before detectable recruitment of lamin B1, which
is thus unlikely to mediate initiation of NPC assembly at
the end of mitosis.
 
Introduction
 
The nuclear envelope (NE)* creates distinct nuclear and cy-
toplasmic compartments in eukaryotic cells. It consists of
two concentric membranes in direct continuity with the ER
(Gerace and Burke, 1988). In higher eukaryotes, the NE is
stabilized by the nuclear lamina, a tight meshwork of inter-
mediate filament proteins underlying the inner nuclear
membrane (for review see Gruenbaum et al., 2000). The
double membrane is perforated by nuclear pores, large pro-
tein complexes that form aqueous channels and create the
only connection between inner and outer nuclear mem-
brane. Biochemical and genetic studies have contributed evi-
dence for molecular interactions between all major structural
components of the NE (membranes, pores, lamins, and het-
erochromatin), suggesting the nuclear periphery is a highly
cross-linked system (for review see Goldberg and Allen,
1995; Wilson, 2000).
The nuclear pore complex (NPC) is the best studied com-
ponent of the NE. In embryonic and cancer cells, pore com-
plexes are also found in cytoplasmic annulate lamellae (AL),
dense stacks of ER-derived membranes containing pores in
high densities (for review see Kessel, 1992). The function of
AL is unclear to date. A depot for excess amounts of nu-
cleoporins before their degradation has been suggested for
 
Drosophila
 
 embryos (Stafstrom and Staehelin, 1984). Alter-
natively, in embryogenesis AL could serve as a vital reservoir
of maternal nucleoporins required for subsequent cell gener-
ations (Cordes et al., 1995) and an analogous function can
be envisaged in rapidly growing cells. Immunologically, AL
pore complexes (ALPCs) are very similar to NPCs and even
nucleocytoplasmic transport factors are targeted to AL
(Cordes et al., 1997). Pore complex structure has been deter-
mined by electron microscopy and reviewed extensively
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(Pante and Aebi, 1995; Allen et al., 2000). From a central
spoke ring embedded in the nuclear membranes emanate
eight cytoplasmic and nuclear filaments, the latter joined by
a distal ring to form the nuclear basket. A wealth of bio-
chemical and genetic data on the protein subunits (nu-
cleoporins) of NPCs has become available recently (Belgareh
and Doye, 1999; Ryan and Wente, 2000), producing a basi-
cally complete inventory of yeast (Rout et al., 2000) and a
steadily growing list of vertebrate nucleoporins.
Despite extensive information about the molecular prop-
erties of the NPC, little is known about its dynamic charac-
teristics in living cells. In vivo studies have only begun to
characterize the dynamics of some NE components, such as
the nuclear membrane (Ellenberg et al., 1997; Haraguchi et
al., 2000) and nuclear lamins (Broers et al., 1999; Moir et
al., 2000), with most emphasis on postmitotic assembly of
the nucleus (for review see Collas and Courvalin, 2000).
The only in vivo data on the dynamics of the NPC is from
budding yeast and suggests a high mobility of NPCs in the
NE (Belgareh and Doye, 1997; Bucci and Wente, 1997).
Here, we analyze the NPC in intact mammalian cells.
Two well-characterized nucleoporins, POM121 and Nup153,
were tagged with multiple copies of GFP to visualize them at
low, nontoxic expression levels. POM121 is an integral
membrane protein localized to the central spoke ring com-
plex and believed to participate in anchoring it in the nu-
clear membrane (Hallberg et al., 1993). Nup153 is a solu-
ble nucleoporin localized to the nuclear basket of the NPC
(Cordes et al., 1993; Sukegawa and Blobel, 1993) and impli-
cated in several transport processes (Bastos et al., 1996; Shah
and Forbes, 1998; Ullman et al., 1999), potentially in a dy-
namic manner (Nakielny et al., 1999). Recently, Nup153
has also been suggested to interact directly with B type
lamins in 
 
Xenopus
 
 egg extracts (Smythe et al., 2000). With
this system, we used confocal microscopy and fluorescence
photobleaching techniques to characterize dynamic proper-
ties of the NPC, such as turnover of the complex in NE and
ER, its mobility in the NE, and its postmitotic assembly.
 
Results
 
Noninvasively visualizing single NPCs with multiple 
GFP-tagged nucleoporins
 
In this study we have tagged two well-characterized nu-
cleoporins, POM121 (Hallberg et al., 1993) and Nup153
(Sukegawa and Blobel, 1993) with multiple copies (Zaal et
al., 1999) of green fluorescent protein (GFP) to visualize
 
them at low, nontoxic expression levels. Fusions of POM121
and Nup153 to single GFPs have been shown to incorporate
into the NPC (Söderqvist et al., 1997; Pante et al., 2000).
POM121-EG/YFP
 
3
 
 and EGFP
 
2/3
 
-Nup153 specifically la-
beled NPCs and were indistinguishable from the single-
tagged proteins in all aspects except brightness. NPC num-
ber or distribution was not changed by expression of these
chimeras as shown by high resolution confocal microscopy.
We found an NPC density of 
 
 
 
3.5 
 
 
 
 0.5/
 
 
 
m
 
2
 
 and total
number of NPCs per nucleus of 1660 
 
 
 
 190 (
 
n
 
 
 
 
 
 5; Fig. 1,
A and E). This was identical to NPCs counted in untrans-
fected NRK cells by immunofluorescence using mAb 414 or
anti-p62 antibodies (data not shown) and is in the range re-
ported previously by ultrastructural and immunofluores-
cence analysis (Maul et al., 1980; Kubitscheck et al., 1996).
 
Overexpression of nucleoporins 
induces the formation of AL
 
Expression of EGFP
 
2/3
 
-Nup153 and POM121-EGFP
 
3
 
 in-
duced the formation of cytoplasmic clusters (Fig. 1, B–D, F,
and G) reminiscent of AL. This occurred at expression levels
that did not change nuclear morphology and NPC distribu-
tion. Cytoplasmic clusters appeared in PtK
 
2
 
 cells that endog-
enously do not contain AL as well as in NRK, HeLa, and
COS7 cells that normally display AL at a low frequency
(Cordes et al., 1996). To ensure that these structures were
not unspecific aggregates we performed in vivo double label-
ing of POM121-YFP
 
3
 
 and EGFP
 
3
 
-Nup153 with SR
 
 
 
-
ECFP, an ER marker, and ECFP-lamin B1, a component of
the nuclear lamina, as well as immunofluorescence with anti-
bodies against endogenous nucleoporins. Cytoplasmic struc-
tures induced by overexpression of either POM121-EGFP
 
3
 
/
YFP
 
3
 
 or EGFP
 
2/3
 
-Nup153 were always in contact with ER
membranes (Fig. 1, B and F), colocalized with endogenous
nucleoporins p62 or POM121 by immunofluorescence (Fig.
1, C and G), and never contained lamin B1 (Fig. 1 D). The
same results were obtained with both nucleoporins (not all
data shown). At high cytotoxic expression levels, both nu-
cleoporins induced the intranuclear membrane stacks (Bastos et
al., 1996) or bodies (Soderqvist et al., 1996) described previ-
ously. Only cells with the NPC/AL localization characteristic
of low expression were used for further experiments.
To characterize AL ultrastructurally, cryoimmunogold
double labeling electron microscopy was performed on
HeLa cells transiently expressing POM121-EGFP
 
3
 
. Overex-
pressed POM121 was detected by a rat-specific antibody,
and endogenous p62 with a monoclonal antibody. AL ap-
 
Figure 1.
 
POM121-GFP and GFP-Nup153 label single NPCs and induce AL in live cells.
 
 (A–G) Images are confocal z-stacks (A and E) or 
single sections (B–D, F, and G). (A) Three-dimensional reconstruction of a live NRK cell nucleus expressing POM121-EGFP
 
3
 
. Top, maximum 
intensity projected of optical sections of the lower nuclear surface (double-pointed arrow). Inset enlarges 1 
 
 
 
m
 
2
 
 to show labeling of single 
NPCs. Bottom, xz slice at the line indicated in the top panel. (B) Live PtK
 
2
 
 cell coexpressing POM121-YFP
 
3
 
 (red) and SR
 
 
 
-ECFP (green). AL la-
beled by POM121 are in direct contact to or colocalize with ER tubules and sheets as marked by SR
 
 
 
. (C) HeLa cell expressing POM121-
EGFP
 
3
 
 (green), fixed and stained for the endogenous nucleoporin p62 (red). Since the p62 antibody did not cross-react in PtK
 
2
 
 cells, HeLa 
cells were used for this experiment. AL containing POM121 colocalize with p62 antibodies (yellow in the merged lower panel, compare pat-
terns in the split inset images). (D) Live PtK
 
2
 
 cell coexpressing ECFP–lamin B1 (green) and POM121-YFP
 
3
 
 (red). AL labeled by POM121 do not 
contain lamin B1. (E) Three-dimensional reconstruction of a live NRK cell nucleus expressing EGFP
 
3
 
-Nup153. Projections as in A. (F) Live 
COS7 cell coexpressing EGFP
 
3
 
-Nup153 (red) and SR
 
 
 
-ECFP (green). COS7 cells were used for better ER morphology than NRK cells (com-
pare with B). Yellow shows colocalization of AL with ER tubules. (G) COS7 cell expressing EGFP
 
3
 
-Nup153 (red) fixed and stained for the en- 
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dogenous nucleoporin POM121 (red). AL containing Nup153 also label with anti-POM121 antibodies (yellow in the merged lower panel, 
compare patterns in the split inset images). Some POM121-positive structures do not contain Nup153. (H and I) Cryoimmuno double label-
ing electron micrographs from HeLa cells expressing POM121-EGFP
 
3
 
. Membrane boundaries are outlined next to the micrographs. Labeled 
are rat POM121 (10-nm gold) and human p62 (5-nm gold). POM121 and p62 colocalize on fenestrated membrane stacks (AL) in H and nu-
clear pores in I. M, mitochondria; N, nucleus; C, cytoplasm. Bars: (A–G) 5 
 
 
 
m; (H and I) 200 nm. 
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peared as dense stacks of fenestrated membranes in which
POM121-EGFP
 
3
 
 and p62 were colocalized (Fig. 1 H), as
they did on gaps in the NE representing nuclear pores (Fig.
1 I). Thus, overexpression of single nucleoporins can induce
the formation of AL, which recruit several endogenous nu-
cleoporins and are always associated with ER membranes.
AL induction by POM121 has in the meantime been con-
firmed biochemically in an independent study (Imreh and
Hallberg, 2000).
 
POM121 turns over very slowly in NPCs, 
but quite rapidly in AL
 
We next investigated how stably POM121 was associated
with the NPC by FRAP (Ellenberg and Lippincott-
Schwartz, 1997). FRAP can be used to measure the diffu-
sional mobility and immobile fraction (IF) of GFP-tagged
proteins in live cells (Ellenberg et al., 1997), or the binding
of such proteins to a complex (Houtsmuller et al., 1999;
McNally et al., 2000). Initial FRAP experiments of tran-
siently expressing cells showed little recovery of POM121-
EGFP
 
3
 
 into a photobleached box after 30 min (an IF of
 
 
 
95%; data not shown). Therefore fluorescence recovery
was followed for a total of 42 h after the photobleach with
confluent, stably transfected NRK
 
POM121-YFP3
 
 cells (Fig. 2 A
and Video 1). Complete recovery was reached only after 35 h
with a 
 
t
 
1/2
 
 of 
 
 
 
20 h (Fig. 2 C), and complete recovery in
log phase–growing cells could not be detected before the
next cell division (data not shown). POM121 can thus serve
as a marker to put a lower limit on the turnover of the NPC
itself, whose behavior has to reflect that of its slowest ex-
changing components. To investigate if other structural
components of the NE share the slow turnover of NPCs as a
whole, we examined the nuclear lamina. FRAP experiments
were performed on cells expressing a tagged B type lamin,
EGFP–lamin B1. No significant recovery was detected up to
45 h after the photobleach in nondividing confluent inter-
phase cultures (Fig. 2 B and Video 2).
The low turnover of the NPC in the nuclear membrane
prompted us to investigate pore complex turnover in AL by
FRAP analysis, since ALPCs appeared similar to NPCs by
cryoimmunoelectron microscopy (Fig. 1, H and I). A signif-
icant portion of AL associated POM121-EGFP
 
3
 
 exchanged
completely after only 
 
 
 
8 min, with a 
 
t
 
1/2
 
 of 
 
 
 
76 
 
 
 
 15 s
(
 
n
 
   
 
6), i.e., three orders of magnitude faster than in NPCs,
which showed no exchange during this time (Fig. 3 A and
supplemental data). However, there was a significant IF of
AL-associated POM121 varying between 50–70% (see on-
line supplemental Fig. S1, available at http://www.jcb.org/
cgi/content/full/200101089/DC1).
 
Nup153 rapidly exchanges between NPCs
 
Having observed the stable association of POM121 with
NPCs, we determined the binding time of Nup153 to
NPCs and ALPCs. FRAP revealed complete recovery of
EGFP
 
2
 
-Nup153 fluorescence in NPCs within 10 min with a
 
t
 
1/2
 
 of 15 
 
 
 
 2 s (
 
n
 
   
 
4) (Fig. 3, B and D) and an IF of
 
 
 
10%. To test if the NH
 
2
 
-terminal GFP tag did not alter
the ability of Nup153 to interact with the NPC, we also ex-
amined a fusion of GFP to the COOH terminus of
Nup153. Nup153-EGFP’s behavior was indistinguishable
 
from the NH
 
2
 
-terminal constructs in FRAP experiments
(see online supplemental Fig. S1, available at http://
www.jcb.org/cgi/content/full/200101089/DC1), recovering
with a 
 
t
 
1/2
 
 of 15 
 
 
 
 9 s and an IF of 
 
 
 
15% (
 
n
 
   
 
6). In
ALPCs, the IF of GFP
 
2
 
-Nup153 rose up to 40%, but recov-
ery kinetics were unchanged (data not shown). In the NE,
the unbleached half of the nucleus lost fluorescence with the
same kinetics and amplitude as the bleached half recovered
(Fig. 3 D, compare blue and green curves), suggesting that
recovery was from the unbleached nuclear pool (Fig. 1 E).
However, biochemical studies have suggested that Nup153
can reach the cytoplasmic face of the NPC and might actu-
ally be a shuttling protein (Nakielny et al., 1999). Fluores-
cence loss in photobleaching (FLIP) experiments were per-
formed to test whether the nuclear pool could communicate
with the cytoplasmic (soluble and AL) pool (Fig. 3 C). Cy-
cles of 30 photobleaches that completely depleted all
Nup153 from the cytoplasm were not able to deplete the
NPC pool of the protein over a 15-min period (Fig. 3, C
and E). Thus, the nuclear pool is diffusionally isolated from
the cytoplasmic pool over periods of 20 min. In summary,
photobleaching reveals that Nup153 continuously binds to
and dissociates from the NPC from a freely diffusing nuclear
pool, whereas POM121 remains tightly associated to NPCs
throughout the lifetime of these structures, which as a whole
are not turned over once assembled after mitosis.
 
NPCs and B type lamins form tightly connected 
elastic networks in mammalian cells
 
FRAP experiments of POM121 also revealed a stable
boundary between bleached and nonbleached nuclear re-
gions suggesting individual NPCs undergo little indepen-
dent movement. (Figs. 2 A and 3 A). To investigate this
further, we performed time-lapse imaging of the lower nu-
clear surface at single pore resolution (Fig. 4 A and Video
3). Tracking sets of individual NPCs showed no indepen-
dent movement (Fig. 4 B). Rather, large arrays of NPCs
moved in synchronous waves and the relative position of
individual NPCs remained constant (Fig. 4 A and Video
3). This behavior was consistent with a spatially con-
strained two-dimensional network of pores. The slowly
turned over lamina (Fig. 2, B and C) was a good candidate
to connect mechanically such a network. To investigate
this, double label time-lapse tracking experiments with
NRK cells coexpressing ECFP–lamin B1 and POM121-
YFP
 
3
 
 were performed. To track movement on the smooth
surface of the lamina, we selectively photobleached a pat-
tern of 21 0.9 
 
  
 
0.6 
 
 
 
m landmarks into the ECFP-lamin
B1–labeled lamina and followed movements of NPCs and
the lamin pattern for 30 min (Fig. 4, D and E). NPC and
lamin movement were strictly correlated, consistent with
lamins and NPCs being part of the same network. That
this network was elastic became evident in landmark-track-
ing experiments on migrating cells expressing only EGFP-
lamin B1 (Fig. 4 C and Video 4). Folds passing through
the lower nuclear surface distorted the grid only tempo-
rarily. The grid always relaxed back to its original position
at the end of cellular movement (Fig. 4 C and Video 4).
Supplemental videos are available at http://www.jcb.org/
cgi/content/full/200101089/DC1. 
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In vivo reassembly of NPCs after mitosis
 
Having characterized the dynamics of NPCs in interphase
we next investigated their biogenesis after mitosis. Four-
dimensional (4-D) confocal time-lapse microscopy was used
to follow cells from metaphase to G1 expressing either
POM121-YFP
 
3
 
, EGFP
 
2
 
-Nup153, or ECFP–lamin B1. No
structures that could have reflected intact NPCs, ALs, or
lamin filaments were detected in metaphase, consistent with
 
the complete disassembly of nuclear structure in mitosis.
POM121, a nuclear membrane protein, was found equili-
brated with the ER, whereas both Nup153 and lamin B1
were dispersed homogeneously in the cytosol (Fig. 5 A). The
nucleoporins POM121 and Nup153 started to concentrate
around chromatin in anaphase B, 
 
 
 
4 min after metaphase/
anaphase transition, which served as a temporal reference to
compare different cells (Fig. 5, B and C) at the same time as
Figure 2. Turnover of NPCs and the lamina measured by FRAP. (A) FRAP of NRKPOM121-YFP3 cells. The boxed area was photobleached to 
background levels. Recovery was monitored immediately after the bleach and every 30 min by taking a stack of five confocal images after au-
tofocussing. Representative maximum intensity projections are shown. Arrowheads mark the boundary between bleached and nonbleached 
regions. Time, hh:mm:ss. See Video 1 for the entire sequence. (B) FRAP experiment similar to A of NRK cells transiently expressing EGFP–
lamin B1. Single confocal sections 0.5  m above the coverslip surface were acquired every 15 min after autofocussing. Times, scale, and ar-
rowheads as in A. See Video 2 for the entire sequence. (C) Plot shows fluorescence recovery of POM121 (green) and lamin B1 (black) in the 
bleached regions. Bleached and nonbleached half of the nuclei were tracked manually to measure mean intensities. Values were background 
subtracted and then normalized to total loss of fluorescence. Bars, 5  m. Online supplemental material (Videos 1 and 2) is available at http:
//www.jcb.org/cgi/content/full/200101089/DC1. 
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Figure 3.
 
Turnover of nucleoporins within NPCs and ALPCs measured by FRAP.
 
 (A) FRAP of NRK cells expressing POM121-EGFP
 
3
 
 tran-
siently. Boxed regions were photobleached and fluorescence recovery of ALPCs and NPCs was followed immediately after the bleach and 
then every 28 s in confocal sections. Arrowheads indicate the bleached AL. Note difference in recovery of AL and NPCs. Time, mm:ss. For 
quantitation see online supplemental Fig. S1 A. (B) FRAP of NRK cells expressing EGFP
 
2
 
-Nup153 transiently. Recovery was monitored imme- 
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nuclear membrane assembly marked by LBR-GFP (data not
shown; Ellenberg et al., 1997). POM121 and Nup153 rap-
idly concentrated around chromatin, depleting their ER/cy-
toplasmic pool almost entirely by the end of telophase (Fig.
5, B and C). ALs, which were present in the POM121-
YFP
 
3
 
–expressing cells before mitosis, reformed only much
later with the onset of cytokinesis (Fig. 5 C, top). Since
NPCs appeared to be linked to the lamina in interphase nu-
clei, we reasoned that lamins might play an important role in
pore complex assembly. To our surprise, confocal time-lapse
analysis of coexpressed ECFP–lamin B1 and POM121-YFP
 
3
 
revealed that lamin B1 recruitment to chromosomes oc-
curred 
 
 
 
5 min (Fig. 5, C and D) after POM121 recruit-
ment. Concentration of lamin B1 around chromatin could
only be detected in late telophase/early cytokinesis (Fig. 5, B
and C), a stage when chromatin is already sealed by a
pore containing membrane (Fig. 5, B and C). To confirm
that the GFP-tagged proteins reflected the behavior of
the endogenous proteins, double immunofluorescence of
POM121 and lamins was performed in untransfected NRK
cells. As seen in vivo, POM121 assembly took place in early
anaphase, whereas lamins were recruited to chromatin only
in telophase (see online supplemental Fig. S2, available at
http://www.jcb.org/cgi/content/full/200101089/DC1).
Next, we investigated whether assembling NPCs were
tightly bound to the chromatin surface in the absence of B
type lamins by FRAP analysis of POM121. In metaphase,
POM121-EGFP
 
3
 
 diffused freely in the interconnected
membranes of the ER with an apparent diffusion constant of
D
 
POM121
 
 
 
  
 
0.25 
 
 
 
m
 
2
 
/s and an IF 
 
 
 
10% (Fig. 6 C), a value
comparable to ER membrane proteins (Nehls et al., 2000).
Strikingly, performing FRAP experiments in the same cell
 
 
 
6 min later during nuclear assembly we found the chroma-
tin-associated pool of POM121-EGFP
 
3
 
 strongly immobi-
lized. In spite of the flux of new material into the growing
pronuclei, 60% of POM121 in these structures was immo-
bile over several minutes as the cell progressed into telophase
(Fig. 6 B). This occurred well before lamin B1 became de-
tectable around chromosomes (Fig. 5, C and D).
 
Discussion
 
Visualizing the dynamics of single 
protein complexes in living cells
 
In this study, the dynamics of single NPCs and small clus-
ters of NPCs were visualized with POM121-EGFP
 
3
 
 and
EGFP
 
2/3-Nup153 in living cells. This has so far been
achieved only in brightly labeled fixed specimens by immuno-
fluorescence  (Kubitscheck et al., 1996). It is likely that
POM121 is present in 16–24 copies in the NPC, based on
the estimated abundance of yeast transmembrane nu-
cleoporins (Rout et al., 2000). At steady state, probably no
more than 24 copies of POM121-EGFP3 are present in one
NPC, resulting in 48–72 GFPs easily detectable above back-
ground with confocal microscopes (Patterson et al., 1997).
This approach should be very useful for future studies of
NPCs and other large protein complexes in live cells.
Induction of AL by expressing a single nucleoporin
We have found that expression of either Nup153 or
POM121 could induce the formation of AL in cell lines
normally devoid of pore complexes in the ER. For Nup153,
this is the first report of its presence in AL. Both Nup153
and POM121 have been reported to be absent from endoge-
nous AL by immunofluorescence analysis (Cordes et al.,
1996; Ewald et al., 1996) but see Imreh and Hallberg
(2000). This difference is most likely explained by inaccessi-
bility of epitopes in tightly packed AL structures, consistent
with our finding of a high IF of both nucleoporins in AL.
The formation of ALPCs by the expression of a single nu-
cleoporin could suggest a function in pore complex self-assem-
bly. For POM121 and gp210 (Wozniak and Blobel, 1992),
such a function has been hypothesized (Goldberg et al.,
1997). However, our results with Nup153 suggest that the
formation of AL is not unique to transmembrane nucleopor-
ins. Interestingly, two other soluble nucleoporins we have
investigated, Nup107 and Nup133, did not induce AL over
many expression levels but remained diffusely cytoplasmic
(unpublished data). AL induction may thus represent an as-
say for a class of nucleoporins involved in NPC self-assem-
bly. In this context, it is interesting to note that a recent
study in yeast observed profound effects on membrane orga-
nization by overexpression of Nup53 (Marelli et al., 2001).
Turnover of pore complexes in the NE
We measured the turnover of subunits in single NPCs by
FRAP, an issue that has not been studied previously. FRAP
essentially measures the off-rate of the bleached nucleoporin if
free fluorescent nucleoporin is available and the system is in
steady state. The assumption of steady state is reasonable sev-
eral days posttransfection or in stable cell lines (used for
POM121), where expression levels are constant and do not
change the number or distribution of NPCs. New NPC inser-
tion, which would also lead to recovery in interphase, is cor-
rected in our measurements because it affects both bleached
and unbleached regions equally. To our surprise we found
POM121 to be stably associated with the NPC throughout
interphase. This is consistent with POM121 functioning to
tether the mostly soluble NPC to the nuclear membrane. It
also puts a lower limit on the lifetime of the entire NPC in
diately after the bleach and then every 5 s. Time and scale as in A. (C) FLIP of PtK2 cells expressing EGFP2-Nup153 transiently. Outlined region 
was photobleached repetitively 30 times every 30 s. Before and after each bleach the depletion of fluorescence was monitored in a confocal sec-
tion. Time and scale as in A. (D) Plots of recovery in the bleached half and equilibration between bleached and nonbleached half of a Nup153 
FRAP similar to B. Average mean intensities of the bleached region (black, left Y-axis) and standard deviation (n   4). Data was normalized for to-
tal loss of fluorescence. Change of total fluorescence from the nonbleached (green) and bleached half (blue, both right Y-axis) measured for the ex-
periment shown in B. (E) Plots of EGFP2-Nup153 depletion from the nucleus and cytoplasm for the FLIP in C. Average nuclear (black), cytoplasmic 
(green, both left Y-axis), and ratio of NPC/cytoplasmic fluorescence (blue, right Y-axis) is shown. Data was normalized to total loss of fluorescence. 
Note that nuclear fluorescence remains constant after initial loss of overlapping cytoplasmic signal, whereas cytoplasmic fluorescence is reduced 
to background levels. Bars, 5  m. Online supplemental material (Fig. S1) is available at http://www.jcb.org/cgi/content/full/200101089/DC1.78 The Journal of Cell Biology | Volume 154, 2001
Figure 4. Tracking of NPC and lamina movement in interphase. (A) Time-lapse of a NRK cell expressing POM121-EGFP3 transiently. The 
lower nuclear surface was followed in a single confocal section every 2 s for a total of 30 min on a real-time confocal microscope. Sequence 
was averaged with a running window of five frames. Representative frames show numbered NPCs in a time window of  2 min used for 
tracking in B. Time, mm:ss. NPC movement is difficult to appreciate in still images; see Video 3 for the complete sequence. (B) Tracking of 
NPC movement. NPCs labeled #1–5 in A in a region of local NE movement are tracked together with two NPCs labeled C1 and C2 in A, 
which reside in an area of little movement and serve to illustrate global nuclear drift. Note the parallel and synchronous tracks of the NPCs. 
(C) Pattern FRAP of an NRK cell nucleus transiently expressing EGFP–Lamin B1. 33 1   0.5- m regions were photobleached in the lower nu-
clear surface. Movement of landmarks was followed in single confocal sections every minute for 30 min (top row). Marks in the boxed area 
were used to track elastic deformations of the lamin lattice. Global cellular movement was corrected with two reference points. Relative po-
sition changes are shown in the bottom row as a network connecting the center of the bleach marks. Time, h:mm:ss; horizontal box length, 6 Nuclear pores in living cells | Daigle et al. 79
mammalian cells, which is thus essentially stable for the entire
duration of interphase. The behavior of POM121 is in con-
trast to many quite dynamic membrane proteins that we have
investigated with FRAP in previous studies (Ostlund et al.,
1999; Zaal et al., 1999; Nehls et al., 2000). FRAP of Nup153
measured a 3–4 orders of magnitude higher turnover (t1/2  
15 s), with no significant IF remaining bound at the NPC,
strikingly demonstrating that stable association is not a gen-
eral property of nucleoporins. The combined results from our
FRAP and FLIP experiments suggest that Nup153 constantly
associates and dissociates from the nucleoplasmic side of the
NPC and can exchange between NPCs by rapid diffusion in
the nucleoplasm. The diffuse nucleoplasmic signal we ob-
served in GFP-Nup153–expressing cells supports this notion.
Bleached regions of Nup153 always recovered uniformly,
demonstrating that recovery was not limited by diffusion. The
inability of cytoplasmic FLIPs to deplete nuclear Nup153 ar-
gues against shuttling of the protein, as was suggested from
biochemical studies (Nakielny et al., 1999). However, due to
the limited resolution of CLSM we cannot exclude that
Nup153 becomes exposed to the cytoplasmic face of the NPC
without ever completely dissociating from it. Turnover in the
NPC is one important criterion by which to assign functions
to different classes of nucleoporins. We propose that struc-
tural proteins that make up the backbone of the NPC should
have a low turnover that reflects the lifetime of the complex.
On the other hand, nucleoporins that are loosely associated to
the NPC and might mediate dynamic transport events can be
expected to have many associations/dissociations during the
lifetime of the complex.
We also investigated the turnover of the nuclear lamina by
FRAP analysis of GFP–lamin B1. The absence of significant
turnover over 45 h in nondividing cells is consistent with
measurements of lamins A, C, and B over short times in in-
terphase by other groups (Broers et al., 1999; Moir et al.,
2000). In the cells we have studied, pore complexes and the
 m. (D) Pattern FRAP of a NRK nucleus transiently coexpressing POM121-YFP3 and ECFP–lamin B1. The outlined 21 0.9   0.6- m regions 
were photobleached selectively in the lamina using a 413-nm Kr laser line. Movement of the lamina landmarks and the unbleached NPCs 
was then followed in single double-labeled confocal sections every 31 s for 30 min. Representative frames show distortion of nuclear shape 
by cell migration (note lamina folding at 07:56 and 12:40). Marks and NPCs used for tracking in E are red. Time, mm:ss. See Video 4 to better 
appreciate lamina elasticity. (E) Tracking of NPCs and lamina bleachmarks. Exemplary time-space tracks are shown for NPC #1 (green) and 
lamin grid marks A1–B2 (black) over 22 min in x, t and y, t plots. Global nuclear drift was normalized using to B5 and B7 marks. Note corre-
lation between the x and y lamina and NPC movement. NPCs #2 and 3 and the surrounding marks behaved identically (not shown). Bars, 5 
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nuclear lamina, once they are formed during postmitotic
biogenesis they are essentially stable until cells enter the next
mitosis. This is consistent with an anchoring function of
lamins for NPCs in the NE, proposed previously from ultra-
structural studies (Akey, 1989; Goldberg and Allen, 1993).
The direct interaction between B type lamins and Nup153
that has been suggested by studies in Xenopus extracts
(Smythe et al., 2000) seems unlikely to play a role in this an-
choring, since the turnover of these two proteins differs by
more than three orders of magnitude in interphase and
Nup153 has no significant IF at the NPC.
Turnover of pore complexes in the ER
The turnover of POM121 was two orders of magnitude
higher in AL in the ER than in NPCs. If we consider the low
turnover of POM121 in NPCs as a hallmark of a structural/
membrane anchoring function, ALPCs are apparently much
less permanently assembled in the ER than in the NE. It is
possible that the absence of an underlying lamina in the ER
contributes to this difference in pore complex stability. An-
other clue to AL structure came from the observation that
both POM121 and Nup153 have significant IFs in ALs.
There are two possible explanations for these findings. (a)
The tightly stacked pores in the convoluted ER membranes
make the inner ALPCs relatively inaccessible to exchange via
the membrane (POM121, IF  60%) and to a lesser degree
via the cytoplasm (Nup153, IF  30%). (b) The mobile frac-
tion represents incompletely assembled pore complexes on
the periphery of ALs, whereas the IF represents the behavior
of fully assembled ALPCs that are identical to NPCs. How-
ever, the latter possibility seems unlikely, because it is incon-
sistent with the increase in IF observed for Nup153 in AL
compared with NPCs and we thus favor explanation a. This
would support the view of AL function as a dynamic storage
compartment for nucleoporins. In many oocytes ALs provide
new nucleoporins for NPC assembly in several generations of
embryonic cells. Since  50% of NPC assembly takes place
in interphase (Maul et al., 1972; Winey et al., 1997) ALPCs
would have to make their subunits available to de novo NPC
assembly much more frequently than once per cell cycle.
Immobile NPCs are part of a NE network
We also investigated whether the NPC could undergo move-
ment within the plane of the NE. This was especially interest-
ing in the light of reports from budding yeast suggesting high
mobility of NPCs following karyogamy (Bucci and Wente,
1997) or in a nucleoporin mutant background (Belgareh and
Doye, 1997). Using single NPC tracking combined with
landmark-bleaching experiments, we found that lamins and
NPCs are part of one stable network in the nuclear periphery.
It is tempting to speculate that lamins are responsible for an-
choring and evenly distributing NPCs in the NE of inter-
phase cells. This view is supported by pore clustering induced
in lamin mutants in Drosophila and C. elegans (Lenz-Bohme
et al., 1997; Liu et al., 2000). We observed an extraordinary
stability of the peripheral network, both in terms of the turn-
over of its structural proteins as well as restrictions to move-
ments within the two-dimensional plane of the NE. How-
ever, the NE did undergo elastic deformations during cellular
movements. It will be interesting to reinvestigate the dynam-
ics of yeast NPCs in wild-type cells not undergoing kary-
ogamy, especially since recent studies on the NPC-associated
proteins Mlp1 and Mlp2 suggested the stable tethering of
telomeres to the nuclear periphery (Galy et al., 2000).
NPCs in mitosis
Our finding of a very stable protein network in the interphase
NE prompted us to analyze how it reassembled after cell divi-
sion. NPCs and ALs were completely disassembled in
metaphase, with POM121 freely diffusing in ER membranes.
This behavior is very reminiscent of our studies on lamin B re-
ceptor (Ellenberg et al., 1997) and reinforces the concept that
nuclear membranes do not fragment in mitosis but are ab-
sorbed by the intact membrane network of the ER. Nup153
and lamin B1 did not show any morphological membrane as-
sociation in metaphase but were dispersed in the cytoplasm.
This is in contrast to early reports suggesting that B type
lamins are associated with mitotic membranes (Gerace and
Blobel, 1980; Stick et al., 1988). This discrepancy could be
due to differences in cell lines or methods: ultrastructure and
cell fractionation in the early studies versus live cell imaging in
our studies. However, we can not exclude that a small fraction
of membrane-associated EGFP–lamin B1 would be masked
by an excess of soluble protein in our cells. POM121 and
Nup153 were recruited to chromosomes early in anaphase,
consistent with studies in fixed cells (Bodoor et al., 1999;
Haraguchi et al., 2000). Direct in vivo comparison of
POM121 and lamin B1, as well as immunofluorescence of the
endogenous proteins, revealed that B type lamins are absent
during the initial NPC assembly that already lead to immobili-
zation of nucleoporins. This is again consistent with studies in
fixed cells (Chaudhary and Courvalin, 1993; Bodoor et al.,
Figure 5. Recruitment of nucleoporins and lamin B1 during nuclear assembly. (A) In vivo localization of transiently expressed POM121-
YFP3, EGFP3-Nup153, and ECFP–lamin B1 in metaphase NRK cells. Shown are confocal sections and DIC images centered on the metaphase 
plate. Note reticular pattern for POM121 and diffuse distribution of Nup153 and lamin B1. (B) 4-D sequence (10 slices every 2.5  m ac-
quired every 10–60 s depending on the dynamics of the cell cycle stage) of an NRK cell transiently expressing EGFP2-Nup153. Transparent 
projection of the four slices containing chromosomes (top) and DIC images highlighting the position of the chromosomes (bottom) are shown. 
Recruitment of Nup153 on the surface of chromosomes starts at  4 min after metaphase to anaphase transition. Time, h:mm:ss normalized to 
meta/anaphase transition equals 0. (C) 4-D double label sequence (six slices every 3  m acquired every 30–120 s depending on the dynamics 
of the cell cycle stage) of an NRK cell transiently coexpressing POM121-YFP3 (top) and ECFP–lamin B1 (bottom). Shown are maximum inten-
sity projections of the z-slices containing chromosomes. POM121 recruitment starts  3.5 min after meta/anaphase transition, whereas lamin 
B1 is only seen at 9 min (see D). Time, h:mm:ss normalized to meta/anaphase transition equals 0. (D) Plot of mean fluorescence intensity of 
the reforming NE for POM121 (green) and lamin B1 (black) shown in B. Before visible accumulation of lamin, nuclear rim areas were identi-
fied by POM121 localization. Data was background subtracted and normalized for bleaching during the time series. Lines are moving aver-
ages of two frames. Note the delay of  5 min between peak concentration/area for POM121 versus lamin B1. Bars: (A) 5  m; (B and C) 10 
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1999). Therefore, B type lamins are unlikely to mediate the
initial attachment of nuclear (pre-)pores to chromatin in
stoichiometric amounts. However, due to the detection limits
of light microscopy, we cannot exclude a function of a small
fraction of nuclear lamins in NPC assembly. Our data is in ap-
parent contradiction to a recent study in fixed cells, where lamin
B staining appeared to precede staining by mAb 414 (recog-
nizing several nucleoporins, including p62 and Nup153; Moir
et al., 2000). However, when those authors checked with spe-
cific anti-Nup153 antibodies, they also found the nucleoporin
to precede lamin B during nuclear assembly.
This study provides the first in vivo characterization of the
dynamic properties of NPCs in mammalian cells. As a con-
sequence of our data, one can view the NPC as a major
structural component of a stable, crosslinked NE protein
network comprised of lamins, inner nuclear membrane
proteins, and peripheral heterochromatin. Reflecting the
properties of this system, NPCs are organized in an elastic
network and are immobile in the plane of the nuclear
membrane. In addition, individual pore complexes turn over
several subunits very slowly, making the whole complex sta-
ble for the entire duration of interphase.
Materials and methods
Antibodies and cell culture
Mouse anti-p62 antibody was from Transduction Laboratories, mAb 414
was a gift from Mary Dasso (The National Institutes of Health), mouse anti-
Figure 6. POM121 is immobilized during nuclear assembly in anaphase. FRAP of a NRK cell transiently expressing POM121-EGFP3. (A) 
Boxed area was photobleached to background levels in metaphase. Recovery was monitored every 9 s in a single image acquired with open 
pinhole. Note rapid recovery of fluorescence into the ER as the cell reaches metaphase/anaphase transition (02:15). (B) FRAP of the same cell 
as in A  6 min after anaphase onset. Note the absence of complete recovery during the transition to telophase. Times, hh:mm:ss. (C) Plot of 
recovery in the bleached areas shown in A and B for metaphase (green)and anaphase (black). Data was normalized to total loss of fluores-
cence, time 0 corresponds to the midpoint of the bleach. Note the difference in IFs 4 min after the bleach. Bars, 5  m.Nuclear pores in living cells | Daigle et al. 83
lamin antibody R19 was a gift from Georg Krohne (University of
Würzburg, Germany). Rabbit polyclonal anti-POM121 (rat) was made
against the COOH-terminal 141 amino acids of rat POM121; it specifi-
cally recognizes the rat and monkey but not the human protein (Imreh and
Hallberg, 2000). Secondary antibodies were from Southern Biotechnology
Associates, Inc. (TRITC) or Molecular Probes (Alexa 488). HeLa, NRK,
COS7 and PtK2, and cells were grown as described (Ellenberg et al., 1997)
in LabTekII-chambered No. 1 coverglasses (LabTek). NRK cells stably ex-
pressing POM121-YFP3 (NRKPOM121-YFP3) were selected according to stan-
dard protocols and maintained at 0.5 mg/ml G418. For imaging, medium
was changed to DME without phenol red supplemented with 25 mM
HEPES-KOH, pH 7.3, 20% FCS. Transfection was with FuGene 6 (Roche).
DNA constructs
The following fusions to GFP and its spectral variants were used in this
study: pEGFP2-Nup153, pEGFP3-Nup153, pNup153-EGFP, POM121-EGFP3,
POM121-YFP3 (Imreh and Hallberg, 2000), ECFP–lamin B1, EGFP–lamin B1,
lamin B receptor–GFP (Ellenberg et al., 1997), and SR -ECFP. All constructs
are based on pEGFP-N/C-X vectors (CLONTECH Laboratories, Inc.) and were
made by placing the indicated number of EGFP, EYFP, or ECFP ORFs in
frame at the COOH or NH2 terminus of the full length cDNAs of the proteins
of interest. PCR-generated constructs were verified by sequencing. For de-
tailed description of the cloning strategies, see online supplemental material
available at http://www.jcb.org/cgi/content/full/200101089/DC1.
Confocal microscopy, immunofluorescence, and image analysis
Live cells were imaged at 37 C maintained by an air stream incubator (ASI
400; Nevtek) in conjunction with an objective heater (Bioptechs) on sev-
eral confocal microscope systems. Time-lapse at single NPC resolution us-
ing EGFP (Fig. 4 A) was on an UltraView real time spinning disk confocal
microscope (PerkinElmer). For immunofluorescence, cells were prepared
as described (Sciaky et al., 1997), except that fixation was for 10 min in
 20 C MeOH followed by 5 min at  20 C in acetone. Images were ac-
quired on a ZEISS LSM 510 using 488 nm in conjunction with a BP 505–
550 for EGFP/Alexa 488, and 543 nm in conjunction with a LP 560 for
rhodamine. The same system was used for three-dimensional reconstruc-
tions at single NPC resolution using EGFP.
Time-lapse of confocal z-stacks (4-D imaging) was on a custom built
ZEISS LSM510 described in the online supplemental information available
at http://www.jcb.org/cgi/content/full/200101089/DC1. Images were as-
sembled in Adobe Photoshop
® 6.0. Quantitative image analysis was per-
formed either in NIH Image or the LSM 2.5 SP2 software (ZEISS). Average
intensities of regions of interests were exported into Microsoft Excel, back-
ground subtracted, and plotted. Other normalizations are described in the
figure legends.
Photobleaching experiments
FRAP was performed essentially as described on a ZEISS LSM 410 (Ellen-
berg et al., 1997) or 510 (Zaal et al., 1999), as well as on a custom built
confocal microscope at the European Molecular Biology Laboratory, the
compact confocal camera (CCC), and the custom made ZEISS LSM 510 us-
ing 413 nm for ECFP and 488 nm for EGFP. For long term NPC/lamin turn-
over measurements, z-stacks were acquired after the photobleach in 15 or
30 min intervals after computer-controlled autofocussing on the coverglass
surface by macros written for the LSM 410 or CCC software (Salmon et al.,
1999). Grid photobleaching was performed on a ZEISS LSM 510. Average
intensities of FRAP experiments were corrected for the total fluorescence
lost during the photobleach and the bleaching that occurred during scan-
ning of recovery. Calculations of apparent diffusion constant for POM121
in mitotic ER was based on quantitative stripbleach experiments as de-
scribed (Ellenberg et al., 1997).
Electron microscopy
HeLa Cells transfected with POM 121-EGFP3 were fixed in 4% formalde-
hyde in 0.1 M phosphate buffer at pH 7.4 overnight, then scraped gently
from the tissue culture dish and pelleted. The cell pellet was rinsed in
phosphate buffer, resuspended in gelatin, and cryoprotected in 2.3 M su-
crose at 4 C overnight. Ultrathin cryosections for immunolabeling were
obtained as described (Liou et al., 1996). Sections were incubated with an-
tibodies to POM121 and p62 as described (Griffiths, 1993), then incubated
with protein A–gold (Utrecht University, Utrecht, Netherlands) using 5 and
10 nm sizes, respectively. Sections were viewed and photographed with a
transmission electron microscope (CM 10; Philips). Unfortunately, we
were not able to obtain specific labeling with these antibodies in a resin-
embedded specimen that would have provided better ultrastructural reso-
lution of the fenestrated cytoplasmic membranes.
Online supplemental material
Detailed description of the DNA constructs used in this study and the mi-
croscope setup used for multicolor GFP imaging are available at http://
www.jcb.org/cgi/content/full/200101089/DC1. The movies alluded to in
the results and figure legends are available at the same address. Video 1
shows a long-term FRAP of POM121 (Fig. 2 A), Video 2 a long-term FRAP
of lamin B1 (Fig. 2 B), Video 3 NPC movement in the interphase nucleus
(Fig. 4 A), and Video 4 lamina elasticity in a pattern FRAP (Fig. 4 C).
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